Flies from a wild type strain of Drosophila melanogaster, previously kept at 25°C, were reared at either 20, 25 or 29°C. As expected, developmental time and adult body size decreased with increasing temperature. Adult longevity of flies reared at 25°C was slightly greater than that of flies raised at 20 or 29°C when measured at all three temperatures. This may reflect the laboratory history of the strain. On the whole, it appeared that longevity was independent of adult body size. These results support our previous conclusion (Zwaan et a!., 1991) that developmental time and body size are not causally related to longevity in 'environmental' studies. It is stressed, that genetic analysis is needed to investigate the reputed correlation between development and ageing.
Introduction
The developmental theory of ageing is the major nonevolutionary theory of ageing (Lints, 1978; . According to this theory, ageing is a built-in consequence of differentiation and development. This may imply that development and ageing are directed by the same set of genes, i.e. that these processes are related genetically (Zwaan et a!., 1991) . In that case environmentally induced alteration of development could be reflected in the time of onset of ageing and/or variation in life-span. Indeed, experiments with homeotherms and insects suggest a genetic relationship between development and longevity (Lints, 1978; Mayer & Baker, 1985) . Indeed, Comfort (1968) has argued that 'the only likely way of prolonging vigour will prove to be through stretching the development programme as a whole'. The developmental period of Drosophila can be prolonged through manipulation of temperature (Powsner, 1935) and larval density (Barker & Podger, 1970) .
With respect to temperature, Alpatov & Pearl (1929) demonstrated that flies reared at 18°C outlived flies reared at 28°C at three temperatures during the adult stage. Burcombe & Hollingsworth (1970) and Lints & Lints (1971 (Lints & Lints, 197 ib) and these authors interpreted their results as evidence for the developmental theory of ageing. Cohet (1975) obtained results showing an optimal developmental temperature for longevity but in the temperature range that is usually studied for Drosophila melanogaster (17-30°C), a negative correlation was found between adult longevity and developmental temperature. On the other hand, Economos & Lints (1986) concluded that within the 16-29°C temperature range, the adult hf espan was independent of developmental temperature.
Temperature during development also influences adult body size. In general, a negative correlation exists between developmental temperature and body size (Lints & Lints, 197 ib) . Several authors have suggested that the increased longevity of flies reared at lower temperatures could be due to their larger body size (Alpatov & Pearl, 1929; Burcombe & Hollingsworth, 1970; Mayer & Baker, 1985) . Indeed, in Drosophila there is evidence, for a given developmental temperature, that larger flies live longer (Tantawy & Vetukhiv, 1960; Kidwell & Malick, 1965; Partridge & Farquhar, 1981; Partridge et al., 1986) . This might imply that developmental time is not causally related to longevity.
The purpose of this study is twofold. (i) To study the effect of developmental temperature on adult longevity and to examine the consistency of this effect for several temperatures during the adult stage. (ii) To determine the correlation between adult body size and longevity both within and between groups of flies reared at different temperatures.
Materials and methods

Strain and culture conditions
The Groningen 83 wild type strain was used. It is considered to possess a large amount of genetic variation (Zwaan et al., 1991) . The experiments were carried out between February and September 1989. All flies were raised in vials with 8 ml of standard medium (Zwaan et al., 1991) . We used three temperatures to rear the flies, 20, 25 and 29°C (developmental temperature). This rearing procedure was followed in two independent experiments. The first experiment aimed to establish the effect of developmental temperature on adult body size and longevity. The second experiment aimed to determine the effect of developmental temperature on viability (egg-to-adult survival) and developmental time. To obtain eggs, 40 groups of about 30 pairs of flies were allowed to lay eggs on standard medium. In the first experiment a 3-h and in the second experiment a 12-h laying period was used. The egg-density was 100 per vial. Each temperature group consisted of 40 vials in the first and of 15 vials in the second experiment. Samples of flies for the longevity assays were taken during peak eclosion. All flies were collected as virgins and the sexes were kept separately. Samples of ifies from each developmental temperature, were set up at 20, 25 and 29°C (adult temperature). Therefore, nine experimental groups ,were constructed for longevity measurements. Flies were also sampled for adult body size measurements. A detailed description of the methods and calculations of developmental time and viability measurements is given in Zwaan eta!. (1991) .
Adult body size Twenty female and male flies were randomly sampled from each developmental temperature group. Adult body weight and wing size were measured for each individual fly. Adult body weight was measured at an age of 6 days, to the nearest 0.001 mg. The length of the third longitudinal vein (anterior crossvein to wingtip) was taken as a measure of body size (Prout, 1958) .
Generally, the right wing of the fly was pulled out and immersed in a drop of euparal, on a microscopic slide.
Measurements were carried out using an ordinary microscope (5 x) with an ocular micrometer (Prout, 1958) .
Longevity in relation to body size All flies were housed singly and as virgins because we believe that these conditions give an accurate determination of adult longevity (Zwaan et al., 1991) . All nine experimental groups consisted of 50 female and 50 male flies, and this sample size could be maintained because escaped flies and accidental deaths were replaced by reserve flies throughout the experiment.
The vials were assayed three times a week for deceased individuals and the longevity (in days) of these flies was taken as the midpoint between two successive scorings. This procedure allowed us to calculate mean longevity for each group. Vials, containing 5 ml of standard medium, were replaced once a week. Wings of deceased individuals were immersed in euparal, as described above, to obtain a measure of adult body size. In this way for both sexes and each temperature group the correlation could be calculated between longevity and body size. During the experiment wings of some flies were damaged to such an extent that measurement of winglength became impossible. This was particularly a problem for females at the adult temperature of 20°C, because of the relative long life of these flies. Therefore, sample sizes of winglength were not uniform for each temperature group (Table 5) .
Survival curves
We used the method devised by Ricklefs (1967) to fit logistic and Gompertz equations to survival curves; this was originally developed for growth curves. Survival percentages were replaced by the corresponding conversion factors and plotted as a function of time. Linear regression was applied to these data and the resulting regression line transformed to the general survival equation. Correlation coefficients of the regression lines were always statistically significant and greater than 0.94 (mean: logistic 0.984 0.009 and Gompertz 0.985 0.0 12). Only survival percentages between 10 and 90 per cent were used, because this interval is generally taken as the senescent period (Arking, 1987) .
Using these survival equations we were able to calculate the pre-senescent (LT10) and the senescent period (LT10 to LT90).
Data analysis
Analysis of variance was used to ascertain effects of developmental and adult temperature and sex on the above mentioned parameters. Differences between temperature groups were tested for significance using the Student-Newman-Keuls procedure (SNK-test, corrected for unequal sample sizes; Sokal & Rohif, 1969) .
Mean viability and developmental time are shown in Table 1 . Lower developmental temperature resulted in a significant increase in developmental time. Temperature during development did not significantly affect viability. Adult body size was significantly decreased with increasing developmental temperature. Both for females (r-0.67, P<0.001) and males (r=0.89, P <0.001) a significant positive correlation was found between adult body weight and winglength ( Table 2 ).
The somewhat weaker correlation for females was probably caused by the larger variability of female body weight, because of egg production. Therefore, wing size is probably a better measure of adult body size than body weight. Table 3 describes mean longevity for all nine temperature groups. Survival curves for females and males are given in Fig. la and b. Only logistic curves were used, because no evidence could be found for superiority of Gompertz relative to logistic correlation coefficients (After Fisher z-transformation, females t0.053, ns; males t16 1.301, ns). that longevity data in our study are normally distributed, and thus, legitimizes the use of analysis of variance and other linear statistics. The analysis of variance of the longevity data showed some significant effects (Table 3) . First, there is a highly significant effect of adult temperature on longevity: lifespan is negatively correlated with temperature. Second, adult longevity is significantly affected by temperature during development. After analysis of Table 3 it appears that flies raised at 25°C live longer than flies raised at 20 or 29°C, in five out of six cases. Analysis of differences between groups at one adult temperature revealed only significant differences in two cases. At adult temperature 25°C, females raised at 20°C lived for a significantly shorter period than females raised at 25 or 29°C (F2,147 =6.88, P <0.01, SNK-test). At adult temperature 20°C, males raised at 20°C lived for a significantly shorter period than males raised at 25 or temperature: male flies tended to live longer than females at 20°C, while the opposite was true at 29°C (Table 3 ).
It appears from Fig. la and b and Table 4 that the differences in longevity between developmental temperature groups are consistent at L T10, Lt50 and L T90.
In other words, survival curves at each adult temperature generally ran parallel after LT10. One clear exception could be found for males at adult temperature 25°C, developed at 25°C (Fig. ib) . It should also be noted that with increasing adult temperature both LT10 values and the survival curve slopes decreased (respectively: females r= -0.95, P< 0.001; males r= -0.90, P<0.001; females r= -0.94, P<0.001; males r= -0.79, P<0.001). Thus, it appeared that both the pre-senescent as well as the senescent period were temperature dependent in Drosophila melanogaster. Similar effects have been found for the housefly, Musca domestica (Sohal, 1986, p.27).
Correlations between longevity and winglength are shown in Table 5 . A significant correlation between longevity and winglength was found in only three out of 24 cases. Two of these correlations were negative and one positive. As mentioned earlier, not all samples were of equal size; however, this did not seriously in-fluence the results, because we observed no differences in winglength between adult temperature groups ( 
Discussion
In this study, adult longevity is influenced by adult temperature as expected from previously published data (e.g. Alpatov & Pearl, 1929; Hollingsworth, 1968; Lamb, 1968) . In general, the life-shortening effect of higher adult temperature in poikilotherms has been explained in terms of the rate of living theory (Pearl, 1928) . A modern version of this theory states that 'rate of ageing' is directly related to the rate of unrepaired molecular damage inflicted by the byproducts of oxygen metabolism and is inversely correlated to the efficiency of antioxidant and reparative mechanisms' (Sohal, 1986) . In insects, elevated adult temperatures will result in an increase in metabolic rate, probably due to stimulation of physical activity (Sohal, 1986) and thus, in a proportional increase in oxygen-free radicals. However, one would expect a concomitant increase in 'antioxidant defence' activity. Apparently, there is no linear relationship between these two processes in Drosophila, otherwise the pre-senescent period would have been temperature independent. It is thus interesting to note that houseflies exhibiting relatively high levels of physical activity do not show an increase in enzymatic antioxidant defenses, like superoxide dismutase and catalase activity, and it has been suggested that this imbalance between production and elimination of oxygen-free radicals is causally related to the lifespan shortening of these active flies (Sohal et al., 1984) . It is also possible that the non-enzymatic which would mean that a fixed amount of endogenous antioxidants, such as fl-carotene and ascorbic acid, is present in the cells at each ambient temperature.
Therefore, non-enzymatic antioxidant substances are exhausted at a faster rate at elevated temperatures.
These lines of reasoning may explain our observation that the pre-senescent period is temperature dependent.
Although our results demonstrate the influence of developmental temperature on adult longevity, they do not support the general opinion that developmental temperature is negatively correlated with lifespan (Mayer & Baker, 1985) . This discrepancy might at least partly be explained by the fact that our study differs in several ways from previous reports on the effect of temperature during development on lifespan.
1 We used three adult temperatures instead of one (Lints & Lints, 1971a; Cohet, 1975; Economos & Lints, 1986) , which allows analysis of interactive effects (David, 1988);  ently in each temperature group, because egg production strongly depends on body size (e.g. Lints & Lints, 1971b) . Although virgins lay fewer eggs than mated females, the latter argument is applicable for virgins.
Taking the above into consideration, we conclude that adult longevity is not inversely related to developmental temperature, and thus, that developmental time is not causally related to ageing in Drosophila melanogaster. In our previous study on the effects of larval density and food effects on longevity we reached essentially the same conclusion (Zwaan et a!., 1991 Because adult longevity was generally higher for medium sized flies (25°C ifies) than for smaller (29°C flies) or larger flies (20°C flies), no positive correlation was found between lifespan and body size between temperature groups. It appeared, however, that also within groups longevity was independent of adult body size, although size variation within these groups was relatively small. In most of the studies that reported such a relationship, larval density was uncontrolled. For instance, Partridge & Farquhar (1983) obtained variation in thorax size through sampling adults from culture bottles which had been in population cages for 4 weeks. It appeared that during the emergence of flies from these bottles, the size of the adults decreased.
However, eggs laid during the fourth week had developed in food which had previously been burrowed by larvae hatched from eggs laid during the preceding weeks. Therefore, flies emerging from the former group of eggs might well be smaller and live shorter, because of the less favourable conditions in the culture bottles. As an explanation for their observed positive correlation between longevity and body size, Partridge & Farquhar (1983) have suggested that larger flies have a lower energy expenditure per unit weight than smaller ones, and that this may imply that smaller flies are forced to put less energy into bodily repair when other activities, e.g. reproduction, demand energy. Hunter (1964) , however, has shown that, for the corresponding temperature range, respiration rates per unit weight were independent of growth temperature and, thus, independent of body size. Moreover, if adult body size is varied through larval crowding, smaller flies live longer (Zwaan et a!., 1991) . The conclusion therefore seems legitimate, that adult longevity does not depend on the size of the imago (see also, Lints & Lints, 1971b) .
It has been shown that developmental temperature significantly influences genetic and phenotypic correlations between life-history traits (Giesel et a!., 1982; Service & Rose, 1985) . The nature of these processes are not yet understood. It is possible that the superiority in longevity of '25°C reared' flies stems from the laboratory history of this strain. Since its capture, this strain has been maintained at 25°C, thus transfer to other developmental temperatures may have disrupted the adaptive genetic architecture, resulting in reduced longevity. A similar explanation has been proposed for the differences in phenotypic fitness associations between field and laboratory derived flies (Kohane & Parsons, 1986; domestication) .
In summary, the main inference of this and our previous (Zwaan er a!., 1991) report is that pre-imaginal developmental time and adult body size are no causal determinants of adult longevity.
